Mitochondrial protein import has served as a useful model system for studying the general phenomenon of protein movement across biological membranes. Over 90% of mitochondrial proteins are nucleus encoded and are initially synthesized on cytoplasmic ribosomes before being imported to their correct intramitochondrial locations (7) . The import process is energy dependent (4, 9, 11, 30, 31) and requires an import signal within the mitochondrial protein, usually located within a transient presequence. The presequence is proteolytically removed when the NH2 terminus of the protein arrives in the mitochondrial matrix (11, 24, 41) . In addition, the existence of both cytoplasmic and mitochondrial (37, 52) trans-acting components of an import apparatus have been reported, but the characterization of such factors remains limited.
Gene fusion and deletion analyses have been used to demonstrate that the presequence (or in some cases an NH2-terminal portion of the presequence) of several mitochondrial proteins is sufficient to direct heterologous "passenger" proteins into mitochondria. For example, it has been shown that the first 12 amino acids of the 70,000-molecular-weight (70K) outer membrane protein (15, 19) , the first 9 amino acids of 6-aminolevulinate synthase (22) , and the first 10 amino acids of the Fl-ATPase 3 subunit (46) are all sufficient to direct the mitochondrial import of heterologous proteins in vivo. No consensus primary amino acid sequence among the known mitochondrial presequences has been found, but most are rich in basic and hydroxylated residues and free of acidic residues. It has been proposed that presequences are able to form amphiphilic helices containing high hydrophobic moments which could contribute to their role as import signals (48) . However, experimental data have indicated that presequences lacking a welldefined amphiphilic helical structure can also direct import (1) . Other studies have shown that synthetic peptide presequences can disrupt lipid bilayers (38) and, in at least one * Corresponding author.
case, can specifically compete with the import of intact precursor proteins (12) . In spite of these studies, however, the precise sequence or structural requirements of a functional mitochondrial import signal have yet to be defined.
The yeast mitochondrial ATPase complex contains 10 defined subunits, 7 of which are encoded by nuclear genes, translated cytoplasmically, and imported into the mitochondrial matrix prior to assembly (8) . The 3 subunit of the F1-ATPase complex was one of the model proteins originally used to demonstrate that most mitochondrial proteins are synthesized as larger precursors in vivo and that the precursor but not the mature form of the protein is competent for mitochondrial import in vitro (11, 24) . This represented the first strong evidence that presequences are required for mitochondrial import. The gene encoding the F1-1 subunit (ATP2) has been cloned and sequenced (39, 44) , and gene fusion and deletion experiments have demonstrated that the mitochondrial import signal of the F1-P subunit is located near the NH2 terminus of the protein (6, 10, 46) . The present wealth of information on the import properties of the F1-13 subunit both in vivo and in vitro as well as the availability of the gene encoding this protein make it an ideal candidate for detailed mutational analysis of the functional requirements of a mitochondrial import signal.
We report here the use of oligonucleotide-directed mutagenesis to extend the characterization of the mitochondrial import signal of this protein. By analyzing the import of a number of mutant F1-13 subunit proteins, we 
MATERIALS AND METHODS
Strains and media. The Saccharomyces cerevisiae strain used in this study was SEY6215 (MATa ura3-52 leu2-3,112 trp-A901 lys2-801 suc2-A9 GAL Aatp2: :LEU2). Construction of the Aatp2::LEU2 disruption has been described (46) , and it was introduced into this strain by standard yeast genetic techniques (42) . Control experiments verified that this strain does not produce any antigen that can be recognized by F1-P subunit-specific antisera. A cytoplasmically inherited petite ([rho-) derivative of SEY6215 (called SEY6215.1) was obtained by ethidium bromide enrichment as described (42) . These strains are characterized by an absence of both mitochondrial DNA and protein synthesis, resulting in a respiration-deficient phenotype and a reduced membrane potential (13, 16 Oligonucleotide mutagenesis reactions were performed as described (21, 27) . In all cases the DNA sequence of positive mutant candidates was confirmed by dideoxy sequencing analysis before subcloning (40) . The (14) and the mitochondrial marker cytochrome oxidase (49) . In the experiments reported here, >99%o of the total a-glucosidase activity was in the cytoplasmic fraction, while >90% of the total cytochrome oxidase activity was in the mitochondrial fraction. Published procedures were used to assay ATPase activity (33) and protein concenttation (2 Plasmids encoding various mutations within the FI-1 subunit presequence were able to restore growth of the Aatp2 strain to rates similar to those of the control strain ( Fig. 1 ).
Whether glutamic acid residues were substituted for one or both of the arginine residues at positions 5 and 12 (R5-E, R12-E, and R5,12-E) or different pairs of basic residues were deleted (A1 and A2), growth rates similar to that of the wild-type control strain were observed. Even when the deletions were combined in the A1,2 double mutant (which lost all four basic residues and 12 of the 19 total residues within the presequence), the growth rate of the mutant strain on glycerol-lactate medium was normal. This indicates that even in the absence of all four basic residues of the presequence, a level of F1-1 subunit import sufficient to support this growth could occur. These results were unexpected because of the strong bias against acidic residues within most mitochondrial presequences and the importance generally placed on the basic residues found within these sequences. This led us to consider the possibility of additional import information residing within the NH2 terminus of the mature Fl-4 protein. To test this possibility, an additional mutant was constructed that deleted the coding sequence for amino acid residues 2 to 19 of the Fl-13 precursor, the entire presequence beyond the initiation codon (A4 in Fig. 1 ). When introduced into the Aatp2 strain, growth on glycerol-lactate medium was again restored. We noted that two additional basic amino acids were present early in the mature F1-13 subunit at residues 11 and 12 of the mature protein (residues 30 and 31 of the precursor). To determine whether these residues were part of an import signal. amino acid residues 28 to Fig. 3B ). These results demonstrate that in all cases other than the A1,2,3 mutant, mitochondrial accumulation of the mutant FI-r3 subunits is similar to that in the wild-type control strain. It was also apparent (Fig. 2) that two of the mutant proteins, A3 and A2,3, appeared to contain 30 to 50% of the mitochondrially localized F1-1 subunit in a precursor form.
This indicates that the A3 deletion affects a region of the F-P subunit protein necessary for the efficient proteolytic processing of the precursor. (A1,3 may also be defective, but the precursor and mature forms apparently are not resolved in our gel system.) In spite of this processing defect, the mitochondrial ATPase levels in the A3 and A2,3 strains were similar to that in the wild-type control. This suggests that the precursor forms of these F1-13 subunit proteins have already been imported into the mitochondrial matrix and assembled into a functional ATPase complex. This is consistent with the results of Vassarotti et al. (46) , who found that deletions extending from amino acid residue 36 of the F1-P precursor (residue 17 in the mature portion of the protein) toward the activity. However, since defects in the kinetics of mitochondrial import may not be reflected in the steady-state mitochondrial levels of the mutant F1-,B subunit proteins, we also examined the in vivo rate at which the mutant F1-, precursor proteins were processed to the mature form. This provided an indication of the rate of import, since processing is normally rapid after import into mitochondria (35, 41) . The wild-type ,3 precursor protein, which has been reported to have an import half-time of 30 to 40 s (35), was barely detectable immediately after a 5-min labeling period with 35S042 (consistent with the rapid import and maturation of this protein) (Fig. 3A) . The mutant F1-, subunit precursors, however, exhibited a range of processing delays. Mutants containing single amino acid substitutions (R5-E and R12-E) or deletions (Al and A2) all showed slightly more precursor than the wild-type control immediately after labeling, indicating that these mutations reduced the rate of F1-3 subunit import to some extent. Two double mutants exhibited a more severe processing delay than the single mutants. The R5,12-E mutant protein was still roughly 50% precursor at the end of the 5-min labeling period, while the A1,2 mutant was approximately 80% precursor at that point. In spite of the large accumulation of precursor in these strains, essentially all of the R5,12-E precursor and most of the A1,2 precursor matured during a 5-min chase in the presence of excess unlabeled S042-and cycloheximide, indicating that the import half-time of these proteins was still on the order of .2.5 mmin (only three-to fivefold longer than that of the wild-type F1-, subunit precursor).
Since the previous fractionation experiments indicated that the F1-13 subunit mutants containing the A3 deletion were defective for processing (Fig. 2) , the rate of conversion of the precursor to the mature form for these mutants does not represent an accurate measurement of their rate of import. When the A3 and A2,3 mutant strains were examined under 5-min pulse-5-min chase conditions, no mature protein could be detected (data not shown). Therefore, the experiment was repeated with a longer chase period (Fig.  3B) . After a 60-min chase, it was found that only a small fraction of the precursor of these mutant proteins had matured. Because of this slow rate of processing of the A3 mutants, we could not accurately measure the rate of import of these proteins. However, this raised the concern that the processing of other mutants may not accurately reflect their rate of import into mitochondria but rather subtle effects on their processing rates within mitochondria. To exclude this possibility, an experiment was done with two F1-P subunit mutants that showed a clear kinetic delay in processing CCCP is present or not. It was found that the maturation of both mutant precursors was blocked in the presence of CCCP, indicating that these mutant proteins exhibit a defect in import and not in processing (Fig. 4) . Therefore, maturation is a reasonable measure of the rate of import for mutant F1-f3 subunit proteins other than those containing the A3 mutation. It was also found that the import block by CCCP could be overcome by the addition of P-mercaptoethanol and that maturation after this delayed import could be blocked by the addition of 1,10-phenanthroline (data not shown). These results demonstrate both the reversibility of the conditions used and the specificity of the processing by the matrix metalloprotease.
Nitochondrial 4043 VOL. 7, 1987 we reasoned that if combined with suboptimal conditions for mitochondrial protein import, the observed import defects may be exaggerated further. This could provide additional insight into the roles of different features of the import signal.
It has been demonstrated that an electrochemical potential across the mitochondrial inner membrane is required for import (11, 30) . Because respiration-deficient [rho-] yeast lack both a functional proton-translocating ATPase and an electron transport chain, they probably are able to generate only a fraction of the normal membrane potential across the mitochondrial inner membrane (16) Examination of the growth rates of the [rho-] F1-3 mutant strains in complex medium (containing 8% glucose as carbon source) revealed that they could be grouped into two classes ( Table 2 ). The first class had growth rates similar to that of the [rho-] pC,B1 (wild-type F1-P) control strain, while the second class had growth rates about threefold slower, roughly comparable to that of the [rho-] Aatp2 control strain (which encodes no Fi-13 protein). The reduced growth rate of the [rho-] Aatp2 control strain is presumably due to the absence of an intact F1-ATPase complex, which together with the ADP-ATP translocator may function in the [rho-] background to partially restore the electrochemical gradient across the inner mitochondrial membrane by hydrolyzing ATP in the mitochondrial matrix and then exchanging the ADP3-for ATP4-in the cytoplasm, generating a charge separation between the mitochondrial matrix and the cytoplasm (23, 29) .
We next compared the rate of precursor maturation of the This rate of F1-P import is apparently somewhat below the level required for normal growth rates, since this strain grew about 50% more slowly than the control strain. Additional pulse-chase experiments with the slow-growing [rho-] A1,2 double mutant indicated that import of the A1,2 mutant protein may be completely blocked, since although synthesis of the A1,2 mutant protein was normal, no maturation of the A1,2 precursor could be detected even after a 15-min labeling period followed by a 20-min chase (data not shown). This result indicates that the growth defect in this strain is due to the inability to import an adequate amount of the F1l-subunit into mitochondria. To confirm that the reduced growth rates of the slowgrowing strains were due to the inability to accumulate the F1-,3 subunit in mitochondria, cell fractionation and immunoblots were performed as described earlier. The [rho-] pCpl control and the [rho-] Al strain (both fast growers) had normal mitochondrial levels of the F1-1 subunit, but this protein was not detected in the mitochondrial fraction of the [rho-] A1,2 strain (a slow grower) (Fig. 6 ). This defect in the mitochondrial localization of the A1,2 mutant F1-, subunit is not due to a general glucose growth medium effect, since We observed a strong correlation between the overall charge of the mutant F1-13 subunit import signals and their ability to direct import into mitochondria. Mutant F1-13 precursors containing deletions of several basic amino acid residues or containing acidic residues substituted for basic residues were found to be most impaired for import. It is tempting to speculate that this corresponds to an important role for the multiple basic residues generally found in mitochondrial presequences (34, 48 Horwich et al. (17) introduced a series of both deletion and missense mutations into the leader sequence of pre-ornithine transcarbamylase and found that the central portion of the leader was essential for import into isolated rat liver mitochondria. Similarly, Hurt et al. (18) made a deletion analysis of the cytochrome oxidase subunit IV presequence and concluded that only the NH2-terminal end of that presequence is capable of functioning as an import signal. This suggests that the import signal of these proteins may not contain redundant import information. However, Pilgrim and Young (32) found that after extensive bisulfite mutagenesis of the gene encoding the mitochondrial alcohol dehydrogenase III precursor of S. cerevisiae, no mutants were obtained that completely excluded this protein from mitochondria. This suggests that the alcohol dehydrogenase III precursor, like the F1-ATPase 1 subunit precursor, may also contain redundant import information. Since redundant targeting information has also been observed in proteins imported into the nucleus (36; M. Hall, personal communication), redundant import signals may be characteristic not only of mitochondrial proteins, but also of many proteins destined for delivery to noncytoplasmic cellular locations.
